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The Number of Postsynaptic Currents Necessary
to Produce Locomotor-Related Cyclic Information
in Neurons in the Neonatal Rat Spinal Cord
Morten Raastad, Bruce R. Johnson,* and Ole Kiehn studying synaptic information transfer, because the net-
work activity is easily generated in reduced preparationsDivision of Neurophysiology
by applied transmitter substances, and stable repetitiveDepartment of Medical Physiology
synaptic inputs can be monitored for a relatively longUniversity of Copenhagen
time.Blegdamsvej 3
Central pattern generator (CPG) networks of the spinalDK-2200 Copenhagen
cord can produce rhythmic limb movements that leadDenmark
to locomotion in mammals and other animals (Grillner
and Matsushima, 1991; Arshavsky et al., 1993; Rossig-
nol, 1996). The isolated neonatal rat spinal cord is wellSummary
suited to study synaptic information transfer in mam-
malian CPG networks and in neuronal networks in gen-To understand better how synaptic signaling contrib-
eral, because the locomotor CPG here can be easilyutes to network activity, we analyzed the potential
activated to produce long-lasting rhythmic activity re-contribution of putative unitary postsynaptic currents
corded as bursts of action potentials in the ventral roots(PSCs) to locomotor-related information received by
(Kudo and Yamada, 1987; Smith and Feldman, 1987).
spinal interneurons in neonatal rats. The average cy-
The activity produced in this CPG network may indeed
clic modulation of the whole-cell current in 13 neurons
reflect normal motor behavior, because the rhythmic
was quantified as the difference between the current activity has many features in common with that recorded
integral (charge) during the first and second halves of
in intact animals. For example, there is alternation of
the cyclic locomotor network output. Between 7.6 and
activity between left and right sides,and between flexors
303 average unitary PSCs per second were needed to
and extensors when the rhythm is induced by neuro-
produce the cyclic modulation. This number is so low active compounds such as N-methyl-D-aspartic acid
that very few (1–5) of the synapses contributing to the (NMDA) and 5-hydroxyryptamine (5-HT). In addition, mo-
cyclic information need to be active simultaneously. toneuron groups in the isolated neonatal rat spinal cord
This suggests that individual presynaptic cells in a are activated sequentially in a manner similar to the
central locomotor network can have a powerful influ- activation of the corresponding muscle groups during
ence on other neurons. locomotion in adult animals (Kiehn and Kjaerulff, 1996).
The contribution from unitary signals to the total infor-
mation transfer during CPG network activity has been
difficult to study in vertebrates. The main reason is thatIntroduction
most unitary signals are buried in the noise when pene-
trating microelectrodes are used. However, the tight-Fast synaptic signals that appear in response to trans-
seal whole-cell recording technique (Blanton et al., 1989;mitter release from individual presynaptic neurons (here
Edwards et al., 1990) now allows routine recordings fromcalled “unitary signals”) are probably the major element
small neurons in the mammalian spinal cord (Hochmanin the information transfer between cells in functioning
et al., 1994; Kiehn et al., 1996) and brainstem (Feldmanneural networks of the CNS. Their contribution to the
et al., 1991; Smith et al., 1992). In the voltage clampinformation transfer depends on their strength. This
mode, the whole-cell technique offers several advan-strength is traditionally given as voltage, current, or
tages for the quantitation of synaptic information trans-charge of theunitary signals. Another estimate of synap-
fer during central network activity. First, the synaptictic strength is the number of unitary excitatory signals
input driving rhythmic activity can be separated fromthat would bring the postsynaptic cell to firing threshold
the voltage-activated intrinsic membrane properties of(for CA1 cells: Andersen, 1990; motoneurons: Kirkwood
a cell. Second, the time course of the PSCs is shorterand Sears, 1977; purkinje cells: Barbour, 1993). The dis-
in voltage compared with current clamp, which resultsadvantage with this measure is that the number will vary,
in a better resolution of unitary PSCs.depending, for example, on the membrane potential,
We used the whole-cell technique toexamine synapticand it is meaningful only for excitatory signals. In this
information transfer in neurons located in the intermedi-study, we chose a novel approach, namely to quantitate
ate gray matter and close to the central canal in thea certain type of information received and to estimate
neonatal rat spinal cord, because these areas arethe number or frequency of postsynaptic currents
thought to be important to generate the locomotor(PSCs) that were needed to build the transferred infor-
rhythms in mammals. Evidence to support this idea in-mation. We examined this problem of information trans-
cludes the preferential labeling by activity-dependentfer in the CNS by studying the cyclic modulation of
dyes of these neurons during fictive locomotion (Carrwhole-cell current in neurons receiving input from a lo-
et al., 1995; Kjaerulff et al., 1994) and the abolishmentcomotor rhythm–generating network in the mammalian
of rhythmicity when these areas are ablated (Kjaerulffspinal cord. These networks are particularly good for
and Kiehn, 1996). Furthermore, most cells recorded in
these areas display membrane potential oscillations in
phase with locomotor-like rhythmic activity in theventral*Present address: Section of Neurobiology and Behavior, Cornell
University, Seeley Mudd Hall, Ithaca, New York 14853. roots. The timing of the oscillations appear, in most
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Figure 1. Quantification of the Locomotor-Related Information in Spinal Interneurons
(A) Intracellular recording (upper trace) from an interneuron located close to the central canal, showing voltage fluctuations of z7 mV amplitude
that correlated with the root activity (lower trace). No holding current was applied.
(B) Voltage clamp recording (upper trace) from the same cell, showing fluctuation in the whole-cell current in correlation with the root activity
(lower trace).
(C) One cycle of the whole-cell current was divided into ten bins. The cycle was defined from onset to onset of ventral root bursts.
(D) When the average and SEM of the current over 30 cycles in ten bins were plotted, a clear cyclic modulation was revealed.
(E)–(F) The modulation indexes (see text) for 13 cells are shown as black squares with the SEM added as vertical lines. The estimates were
made at holding potentials between 240 and 250 mV (E) and at holding potentials between 260 and 275 mV (F).
cases, to be controlled by synaptic input and not by membrane properties (Kiehn et al., 1996). Since we were
interested in the synaptic information that a cell re-intrinsic membrane properties (Kiehn et al., 1996).
In the present study, we recorded the locomotor activ- ceived, and not its treatment of this information, we
voltage-clamped the cell in order to reduce the activa-ity in the isolated spinal cord as a cyclic modulation of
the whole-cell current during fictive locomotion in cells tion of voltage-sensitive channels. Figure 1B shows the
current fluctuations when the soma was clamped atwhose spike frequency was rhythmically modulated in
phase with the ventral root bursts. We identified putative 245 mV (upper trace), together with the simultaneously
recorded ventral root activity. The current trace is char-unitary fast PSCs and estimated how many synaptic
signals were needed in order to give the observed cyclic acterized by a modestly fluctuating baseline with fast
transients, probably PSCs, taking off in positive andmodulation.
negative directions.
The cyclic modulation of the whole-cell current be-Results
comes more obvious by averaging the current over sev-
eral cycles. One cycle was defined from the start of aQuantification of Rhythmic Information
We combined ventral root recordings (L2 and L5) with ventral root burst, to the start of the next. The mean
current during each cycle was subtracted from eachintracellular whole-cell recordings from spinal neurons
in order to quantitate the fluctuations in the whole-cell trace, because an offset current would not affect the
following calculation. We divided each period into tencurrent that was correlated with the transmitter-induced
locomotor rhythm. Figure 1A shows an intracellular volt- bins (Figure 1C), and the mean and SEM for the current
that fell within these bins was calculated over 30 cyclesage recording from a neuron close to the central canal
(upper trace) and a simultaneous recording of the spike for this cell. The result is shown as a histogram with thin
bars for the SEMs in Figure 1D. The histogram has anbursts in the ventral root (L5, lower trace). This locomo-
tor rhythm was induced by adding 7.5 mM 5-HT and 7.5 identical area above and below zero because of the
subtraction of the mean current.mM NMDA to the bath. The voltage fluctuations in the
neuron correlate with the root activity, indicating that The current deviates from a flat line, because the cell
receives charge that is asymmetrically distributed inthe cell received information from the spinal network
generating the rhythm. The peak-to-trough amplitude time around the midpoint of the cycle. As a simple mea-
sure for the magnitude of the cyclic information, weof the voltage excursions of this neuron was on average
7 mV without bias current injection. For 12 additional used thedifference between the charge (current integral,
including the sign) of the first and second halves ofneurons analyzed in this article, the voltage fluctuations
were on average 12.6 mV (range 5–34mV), large enough the cycle. This charge difference was normalized with
respect to the average cycle duration, in order to com-to modulate the spike frequency.
The cyclic voltage fluctuations could be mediated by pare experiments with different cycle lengths. The re-
sulting unit is therefore fC/ms, equivalent to pA. We shallsynaptic potentials alone or in combination with active
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Figure 2. PSCs at Holding Potentials of 245 mV and 265 mV
The calibration bars (right) apply to all plots and traces in the corresponding row.
(A1)–(B2) The whole-cell currents are shown below the recordings from the second lumbar ventral root illustrated at fast (A1–A2) and slow
(B1–B2) time scales. At 245 mV, inward and outward signals of up to 10 pA amplitude and short duration take off from a modestly fluctuating
baseline (A1–B1). At 265 mV, most outward signals were strongly reduced in amplitude (A2–B2).
(C1)–(C2) A shape as expected of PSCs, with an abrupt onset, fast rise time, and slower decay, is evident at higher time magnification.
(D1) Ten outward and ten inward PSCs detected by the computer algorithm at 245 mV, described in Experimental Procedures.
(D2) Twenty inward currents detected with the same parameters in the detection algorithm at a holding potential of 265 mV.
(E1) and (E2) illustrate that the detected PSCs contained cyclic information. The PSCs were detected over 30 cycles and their charge averaged
at their position within ten time bins of the cycles.
call this estimate the modulation index. It was 9 pA for a sudden onset, fast rise time, and a slower decay.
Figure 2D1 shows ten inward and ten outward PSCsthe cell illustrated in Figures 1A–1D. The modulation
index for 13 cells ranged from 1 to 31 pA at holding detected by our computer algorithm (see Experimental
Procedures). The currents rise to their maximal valuepotentials between 240 mV and 250 mV, and is shown
in Figure 1E as black squares with the SEM added as within 2 ms and decay to half their peak value in z10–20
ms. We examined all detected currents by eye and ad-a vertical line. At more hyperpolarized potentials (260
to 275 mV), the modulation index was smaller in most justed the parameters in the detection algorithm (see
Experimental Procedures) until the majority of detectedcells (Figure 1F). A possible explanation for this differ-
ence is that, at depolarized levels, both inhibitory and events had a shape compatible with synaptic currents.
Because this shape criterion is subjective, we made twoexcitatory currents contributed to the modulation index,
while at hyperpolarized levels the inhibitory PSCs additional tests for the synaptic nature of these events.
First, we compared the putative PSCs recorded at two(IPSCs) were reduced in amplitude and therefore con-
tributed less.To calculate thenumber of PSCs that could different membrane potentials. The outward currents
observed at 245 mV (Figures 2A1–2C1) were consider-give the observed difference in total charge in the first
and second halves of the cycle, we needed to detect ably reduced in amplitude (although not inverted) at 265
mV (Figures 2A2–2C2). This is the expected current/individual PSCs and estimate their average charge,
which is described in the following section. voltage relation of IPSCs with reversal potentials around
270 to 275 mV. The detection criteria in the algorithm
(see Experimental Procedures) were adjusted so thatIdentification of Synaptic Events
The left half of Figure 2 shows the whole-cell current the number of outward events was highly dependent on
the holding potential. For the cell of Figure 2, for exam-recorded at 245 mV for a cell during rhythmic activity
also induced by 5-HT and NMDA. The whole-cell current ple, less than 5% of the outward currents detected at
245 mV (Figure 2D1) were detected at 265 mV (Figureis modulated in correlation with the rhythmic bursts re-
corded from ventral root L2 (Figure 2A1). At higher time 2D2) with the same detection criteria. This test was used
in 11 cells as an indication that we detected synapticresolution (Figures 2B1 and 2C1), individual events with
shapes as expected of PSCs can be identified, that is, events. In all these cells, a hyperpolarization of 15–20
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Figure 3. Estimation of a Confidence Range
for the Mean PSC Charge
(A) The charge distribution of IPSCs and
EPSCs detected in an interneuron are shown
as histograms. The tails of the distribution of
the charge of the PSCs (black bars) were well
fitted by an exponential function (dotted line;
see text).
(B) Based on the exponential function fitted
to the tail of the detected PSCs (black bars),
a histogram was constructed (open bars)
containing a theoretical population of small
PSCs. The mean of the PSC charge distribu-
tion obtained in the experiment is marked m1
(33.1 fC), and the mean of the extrapolated
population is marked m2 (20.5 fC). We con-
sider the interval from m1 to m2 a confidence
interval for the PSC charge.
(C) The total charge contribution from the dif-
ferent classes of PSCs, if the true distribution
was exponential. The mean estimated in the
experimental population is close to the PSC
size category that contributed most.
(D) Confidence intervals for IPSC (positive
values) and EPSC (negative values) charge in
13 experiments are given as bars.
mV from the range 240 to 250 mV resulted in at least mean charge is probably not greatly affected by small
undetected currents.an 85% reduction in the number of outward PSCs.
Second, we tested for cyclic information in the popula- To give a rough estimate for the number of undetected
currents, we extrapolated the distribution of larger (de-tion of detected events. Figures 2E1 and 2E2 show histo-
grams where each bin represents an average current tected) events toward the smaller values. In Figure 3A,
the distributions of excitatory PSCs (EPSCs) and IPSCsgiven by the PSCs detected within one-tenth of the cy-
cle. The SEMs obtained by averaging over severalcycles for one experiment are shown as histograms. Exponen-
tial functions (dotted lines) fit well to the distributionsare given by the vertical lines. The total charge of the
PSCs detected in each cycle is subtracted, so the re- of detected PSCs. If we assume that the distribution
of undetected events follows approximately the samesulting ten averages are distributed around zero current
(similar to Figure 1D). It can be seen that the detected function as the detected ones, we can extrapolate the
curve toward the smaller PSCs. This is done in Figureevents transmitted cyclic information, both at 245 mV
(Figure 2E1) and, with lower amplitude, at 265 mV (Fig- 3B for one distribution of IPSCs. The distribution of de-
tected events is shown as black bars, and the result ofure 2E2). For all experiments, there was a significant
difference (p < 0.05) in total charge of the events re- the extrapolation is shown as open bars. The mean,
including a large population of small events (m2 5 20.5corded in the first and second halves of the locomotor
cycle, indicating that the detected events carried cyclic fC), is only 38% smaller than the mean of the detected
events (m1 5 33.1 fC). The reduction resulting from thisinformation.
These three observations, the shape, the voltage de- procedure was on average 56% including all experi-
ments. The modal value for the distribution of PSCs ispendency, and the fact that the detected events trans-
mitted cyclic information, made it likely that we detected between 0.0 and m1, so m2 is probably smaller than the
true value. We consider, therefore, the range betweensynaptic currents. We have not confirmed this hypothe-
sis with pharmacological block, because blockers of m1 and m2 as a confidence interval for the PSC charge.
This extrapolation gives a population of undetectedexcitatory and inhibitory transmission either abolish or
dramatically change the transmitter-induced rhythmicity small currents that is large in number, but probably not
very large in total contribution to the synaptic infor-in this preparation (Smith et al., 1988; Cazalets et al.,
1994; Cowley and Schmidt, 1995). mation. This can be seen if we multiply the charge of
the PSCs by their frequency (Figure 3C). The mean of
the detected population is marked m1 and is close to theEstimation of a Confidence Range
for the Mean PSC Charge amplitudes that contributed most. The extrapolation
was repeated for all experiments, and the resultingWhile there is little doubt that some of the synaptic
activity received by cells can be identified as distinct ranges are given in Figure 3D. These estimates are all
based on experiments where the holding potential wasPSCs, we do not know how many PSCs are hidden
below the detection level. Our estimates for the mean between 240 and 250 mV. Experiment number 2 lacked
detectable IPSCs; thus, we have only the estimatedcharge of the PSCs are therefore larger than the true
value. By extending the analysis to include a large theo- range of EPSCs for this experiment.
The estimates of the mean charge of IPSCs andretical population of small PSCs, we will show that the
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EPSCs and the cyclic current modulation index now
allow us to calculate the synaptic strength relative to
the cyclic information that the cells received, with confi-
dence limits resulting from the assumptions explained
above.
The Relative Synaptic Strength
When we compare the average current modulation from
an experiment (Figure 4A, left) with PSCs from the same
experiment (Figure 4A, right), the PSCs have a large
peak amplitude compared with the average cyclic cur-
rent fluctuation. This gives the impression that individual
PSCs could have a large contribution to the cyclic infor-
mation. To test this hypothesis, we calculated the num-
ber of PSCs needed to give the observed charge differ-
ence between the first and second halves of an averaged
cycle.
Figure 4B illustrates the calculation of this relative
synaptic strength. The difference in charge between the
first and the second halves of the cycle gives the charge
needed for the cycle modulation, our modulation index.
This charge is divided by the charge of an average PSC,
and the resulting number of PSCs is normalized with
respect to the average duration of the cycle. We did not
analyze here the relative contribution of the EPSCs and
IPSCs to the cyclic modulation, but their strengths can
still be represented as potential contributions to the
cyclic information. This calculation was therefore done
for both IPSCs and EPSCs and for both the lower and
upper limits of the PSC charge for each cell (see Figure
3D). The results are shown in Figure 4C as lines between
the low and high estimates. The midpoints between
these extremes are marked as squares, and for conve-
nience we will use these midpoint values in the following
discussion. Thin and thick lines give the results for
EPSCs and IPSCs, respectively. The experiments are
ordered with respect to the average result between
EPSCs and IPSCs in the individual experiments.
We also estimated the relative synaptic strength for
10 of these 13 cells at holding potentials between 260
and 275 mV. The results are shown in Figure 4D, which
contains only estimates for EPSCs, because few IPSCs
were detected in this voltage range. In most cases, fewer
EPSCs were needed to account for the current modula-
tion at hyperpolarized membrane potentials. This result
was expected, because the modulation indexes were
Figure 4. The Relative Synaptic Strengthsmaller (see Figure 1G)and theEPSCs generally larger at
(A) The average current fluctuation (left) was often small comparedhyperpolarized compared with depolarized potentials.
with the amplitude of the individual PSCs (right).The number of average PSCs that were needed to
(B) and (C) The calculation of the number of PSCs per second thataccount for the cyclic current fluctuation (the modulation
would account for the cyclic current modulation is graphically illus-
index) ranged from 7.6 to 303 per second. In more than trated. The modulation index, calculated as the difference between
half of the cells, this value was below 100 (on average the charge in the first and second half of the cycle (a 2 b), is divided
92). In other words, the synaptic strength ranged from by the average duration of the cycle (duration [a 1 b]). The resulting
value was divided by the average charge of the PSCs (c). The result1/7.6 to 1/303 of the cyclic information per second. The
for 13 experiments where the cells were held at potentials betweenaverage interval between the start of the PSCs was
250 and 240 mV is given in (C), with thin lines for the EPSCs andtherefore 3.3–132 ms.
thicker lines for the IPSCs. The experiments are ordered with respect
The relatively low number of synaptic events that to the average result including both EPSCs and IPSCs in the individ-
could account for the cyclic information suggests that ual experiment.
few synaptic contacts were active simultaneously. This (D) The result for ten cells where the calculation was done on data
obtained at holding potentials between 265 and 270 mV showsis important for the integration of the PSCs, because
that the modulation was smaller in amplitude compared with moremany simultaneously active synapses could change the
depolarized potentials.membrane resistance (Bernander et al., 1991) and
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thereby the electronic length and the time constant.
The degree of overlap between synaptic conductances
would, however, depend onthe duration of the individual
PSCs, which we also estimated.
Duration of the PSCs
We estimated the time required for 90% of the charge
injection from individual PSCs tooccur. This is illustrated
in Figures 5A and 5B, which show three typical EPSCs
and IPSCs in plots of time versus current amplitude
(Figure 5A) and in plots of time versus cumulative charge
(Figure 5B). The total charge from each PSC is normal-
ized to 1.0, and it is seen that 90% of the charge occurs
within 18 ms for the three IPSCs and 6.3 ms for the
EPSCs. This is a high estimate, because the PSCs are
most likely filtered by dendritic cables and therefore
appear slower at thesoma than they are at thesynapses.
The estimate for the total charge was rather inaccurate
when based on the original traces, because noise and
new PSCs contaminated the tail of the currents. For all
detected PSCs, the time to 90% charge delivery was
therefore estimated from the integral of the fitted alpha
functions (see Experimental Procedures). Figure 5C
shows the results for the same experiment depicted in
Figure 5A. In this cell, the EPSCs were faster than the
IPSCs. This is most evident at higher PSC amplitudes,
probably because of a better signal-to-noise ratio at the
high amplitudes. On average (n 5 13), the EPSCs were
only slightly faster than the IPSCs (Figure 5D), but in
some cells the EPSCs were considerably faster than the
IPSCs. Figure 5E gives the average of the 90% charge-
delivery time as filled bars for the IPSCs and open bars
for the EPSCs for the 13 experiments. The (small) SEMs
are indicated as thinner bars on the top of the main
bars. Some experiments have two measurements (two
bars) for the EPSCs, because they were measured at
both depolarized (240 to 250 mV) and hyperpolarized
(260 to 275 mV) holding potentials, giving relatively
similar values. The experiments areordered with respect
to the duration of the EPSCs, showing that EPSCs had
a wider range of durations than IPSCs. In summary, the
Figure 5. Duration of the PSCs90% charge delivery time for the detected PSCs ranged
(A) Three IPSCs with longer decay times than three EPSCs.from approximately 5 to 35 ms.
(B) The same PSCs as in (A) are plotted as the cumulative chargeWe now have estimates for both the frequencies of
of the PSCs. The approximate total charge of the individual PSCs,average PSCs necessary to transfer the cyclic current
obtained by integrating for the duration of the X-axis, is normalized
modulation and the average duration of the IPSCs and to 1.0. The three EPSCs reach 90% of the total charge within 6.3
EPSCs in a particular experiment. This allows us to cal- ms, and the three IPSCs reached this charge value in z18 ms.
culate the average number of synapses that needed to (C) Amplitude versus duration diagram for all EPSCs (negative val-
ues) and IPSCs (positive values) in the same experiment as above,have open channels simultaneously, in each experiment.
based on fitted alpha functions (see Experimental Procedures forThe average PSC duration was divided by the average
details). The holding potential was 245 mV.interval between synaptic events. The result ranged from
(D) Mean 90% charge time for all experiments for IPSCs (black bar)
less than one to five simultaneously active synapses, and EPSCs (open bar). The durations of EPSCs and IPSCs were
both for IPSCs and EPSCs (average 6 SD: 2.0 6 1.4 not significantly different at p < 0.05 (Student’s t test) when all
for IPSCs and 1.6 6 1.3 for EPSCs). These numbers experiments were included.
(E) The mean 90% charge time for individual experiments is shownrepresent the average from the entire cycle, and the
as black bars for IPSCs and open bars for EPSCs. The small verticalmaximal and minimal number of simultaneously active
lines on top of the bars give the SEMs. The experiments are orderedsynapses carrying the cyclic signal will fluctuate around
with respect to the duration of the EPSCs, emphasizing that the
these averages during the cycle. duration of EPSCs covered a greater range than the duration of
IPSCs. A few experiments have two values for the EPSCs, because
Discussion the EPSC duration was measured at both depolarized and hyperpo-
larized potentials. In the majority of experiments, the shorter dura-
tion of EPSCs compared to IPSCs was evident (e.g., 4, 8, 9, 10, 5,In this article, we estimated the number of PSCs of
7, 3, 1, 12).average charge that were sufficient to transmit rhythmic
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information within a spinal network during fictive loco- was related to the rhythm, because there was a signifi-
cant difference in the amount of detected charge in themotion. Between 7.6 and 303 average unitary PSCs per
first and second halves of the cycles. None of thesesecond were needed to produce the cyclic modulation.
features would be expected from random noise or fromThe result expressed as a frequency is easy to under-
any other known electrical events described for nervestand, but the inverse value (1/7.6 to 1/303), which is
cells, except PSCs.the proportion the individual PSCs contributed to the
Most of the events analyzed in this article had a timecyclic signal, is more correct. This is because we did
course expected of PSCs that are the result of synchro-not directly observe frequencies, so any combinations
nous transmitter release from individual neurons. Theseof EPSCs and IPSCs, and even slower second messen-
unitary PSCs may be caused by the release from one orger–mediated processes, could have contributed to the
more morphologically distinguishable synaptic contactscyclic signal.
from each presynaptic neuron. If the interval betweenOur estimates for this synaptic strength rely on two
the two unitary currents (from different presynaptic cells)types of analyses: the quantitation of the total rhythm-
is greater than their rise time, the currents can usuallyrelated information received by the cells and estimates
be distinguished as individual events. A shape expectedfor the size of putative unitary PSCs, which we will dis-
of unitary PSCs is, however, not a guarantee that thecuss separately. We will also discuss interpretationsand
PSCs are unitary. The mean rise time for PSCs (start topossible consequences of our findings.
peak) was in the range of 1–5 ms in all our experiments.
This means that unitary PSCs probably could add their
currents and maintain their synaptic shape if the intervalQuantification of the Cyclic Information
between them was less than these values. Therefore,Received by the Cells
for our detected PSCs to be the sum of several unitaryWe used the average cyclic current as an estimation
PSCs, there must be synchronizing mechanisms thatof the locomotor cycle–related information received by
work with an accuracy in this time range. This has not yetspinal neurons, because this quantity is easy to measure
been described for spinal cordnetworks, but it remains aand interpret. The synaptic and other membrane cur-
possibility.rents that are not correlated with the cycle would not
We could have limited the calculation of synapticcontribute to the cyclic signal and would be minimized
strength to only the PSC size categories that were de-when several cycle periods are averaged. Such back-
tected. These estimates alone would support one of theground synaptic activity will therefore not be included
main conclusions, namely that many PSCs are strongin the modulation index or the final estimates for the
relative to the average cyclic information received by
number of unitary PSCs that built the cyclic signal. The
the cells. There was, however, a large variability in the
contribution to the amplitude of the current fluctuations
size of the PSCs, as there is in other networks (Bekkers
through intrinsic membrane properties was also re-
et al., 1990; Raastad and Lipowski, 1996), and little is
duced by using the voltage clamp technique. The differ- known about the function of this diversity. Because we
ence in theaverage current in the firstand secondhalves do not know if the larger PSCs are more important for
of the period must therefore be accounted for by a cer- the information transfer than the smaller ones, we also
tain amount of synaptic charge injected in response estimated the average PSC including a large theoretical
to activity in presynaptic neurons. Both fast ionotropic population of small PSCs. This extrapolation procedure
receptors and slower metabotropic receptors may con- reduced the estimates for the average PSC by, on aver-
tribute to the cyclic current information. We did not age, 56%. Inaccuracies of this magnitude do not affect
quantitate the relative contribution from fast and slow the conclusion that relatively few PSCs, between 7.6
synaptic processes, but focused on the fast PSCs as and 303 PSCs per second, were needed in order to
information carriers. At least some of the charge was account for the cyclic current modulation of the cells.
indeed delivered as fast PSCs, because the detected It is possible that other neurons in the locomotor path-
PSCs contained a significant cyclic information in all way require larger numbers of PSCs to induce rhythmic
cells (Figure 2E). This observation made the study of activity. Neonatal motoneurons, for example, recorded
PSCs as potential information carriers relevant. from with patch electrodes in the intact cord, have resist-
ances around 72 MV (range 30–170 MV) (S. Hochman
and B. Schmidt, personal communication), while the
Quantification of the Contribution value for our cells was 63–1720 MV (Kiehn et al., 1996).
from the Individual PSCs This difference makes it likely that motoneurons are
The estimate of the average charge carried by the PSCs larger, and may require a higher number of unitary sig-
is based on three main assumptions: first, that we de- nals to build the cyclic signal, compared with our cells.
tected synaptic events; second, that most of these
events were unitary; and third, that the population of Possible Functional Implications
detected events was representative of the population We recorded from spinal interneurons located in the
of PSCs that gave the cyclic information. medial part of the intermediate gray matter and around
Three features of the detected signals suggested that the central canal, because activity-dependent labeling
they were synaptic in origin. First, the shape and dura- (Carr et al., 1995; Kjaerulff et al., 1994) and microlesion
tion was similar to synaptic currents in other central studies (Kjaerulff and Kiehn, 1996) suggested that these
neurons. Second, the outward currents were greatly re- areas are important for hindlimb locomotion in the neo-
duced in amplitude at 265 mV compared with 245 mV. natal rat. Despite the fact that many factors in the prepa-
ration are very different from the intact animal (suchThird, the detected signals transmitted information that
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as temperature, cortical input, and oxygenation), the
network still had the ability to produce a rhythmic output
resembling that seen during locomotion in intact ani-
mals. Furthermore, we think that the level of activity is
close to the physiological range, because the neuroac-
tive compounds in the same concentrations we used
were able to induce limb movements in a spinal cord
preparation that included an attached hindlimb (Kiehn
and Kjaerulff, 1996). The neurons may, however, have
a wide dynamic range for the modulation index, which
we have not explored.
Do our data give any information about how the loco-
motor network operates? The fact that the recordings
are from cells in a network that is not well characterized
with respect to connectivity and function strongly limits
the conclusions. The relatively low numbers of PSCs
that could account for the cyclic signal could have at
least four explanations: first, the cells may have few
presynaptic cells; second, only a few of the presynaptic
cells give locomotor-related information; third, the pre-
synaptic cells code the information through few spikes
Figure 6. Method to Detect Synaptic Currents(possibly on top of a background frequency); or fourth,
(A) Alpha functions (thick lines), including 2 ms baseline before thethe synapses have low release probability. It would re-
function started, were fitted to 30 ms of the averages of 20 IPSCs
quire othermethods than those exercised here to decide and 20 EPSCs (thin lines). The PSCs were, in this case, selected so
which of these possibilities are correct. If we had data that they did not contain new PSCs at their tails, to show that the
on the number of synaptically connected cells and the function fits well also to the tails of the currents.
(B) Because new PSCs often took off from the tail of the precedingrelease probability at their connections, we could use
PSC, the function was fitted only to the initial 10 ms, marked withthe cells recorded from as monitors of the network activ-
vertical dotted lines. Still, the function follows the time course ofity. Lacking such data, we will limit the question and try
the tail of these six individual PSCs. The mean squared deviation
to give a rough estimate of how intensely the available between the function and the first 10 ms of the current was used
synaptic resource is used. as a threshold to accept or discard the event.
(C) and (D) Three typical examples of accepted PSCs (C) and threeThe whole-cell capacitance can give a lower limit for
PSCs that were rejected because noise and new PSCs contami-the cell surface area. The average whole-cell capaci-
nated the fitted PSC within the first 10 ms (D).tance for interneurons recorded in the intermediate gray
matter and around the central canal, including partly the
cells in the present article, was 81 6 6 pF (n 5 45; Kiehn
Experimental Procedureset al., 1996). Assuming a specific membrane capaci-
tance of 1 mF/cm2, the cells we recorded from had a Preparation
membrane area of at least 8077 6 603 mm2. This value Neonatal rats (0–3 days old) were deeply anesthetized with ether,
decapitated, and eviscerated. The remaining body was transferredis similar to the values obtained from interneurons in
to a dissection chamber filled with oxygenated ice-cold extracellularthe rat hippocampus and about one-third to one-sixth
solution. For the dissection, the concentration of CaCl2 in the extra-of the value for hippocampal pyramidal cells (Thurbon
cellular solution was reduced to 0.25 mM, and the concentration of
et al., 1994). Pyramidal cells have on average 20–30,000 MgSO4 raised to 3.5 mM (see below). The spinal cord was exposed
excitatory synapses (Trommald et al., 1995), but proba- by removing the vertebral bodies and opening the dura mater. The
dorsal and ventral roots were cut proximal to the ganglia, and thebly fewer inhibitory ones. If capacitance is relatively pro-
cord was removed from the spinal canal. The best patch electrodeportional to the number of synapses, the cells we re-
recordings were obtained when the electrodes could access thecorded from would have on the order of 5,000–10,000
cord from a cut surface. Therefore, the cord was, in most experi-
synapses. These numbers suggest that a small propor- ments, split mid-sagitally from Th13 to L6, and one side of the
tion of the available synapses need to be active to trans- lumbar cord was removed. In some experiments, the cord was split
mit the cyclic information for locomotion. horizontally from Th13 to L6 to remove one-third of the most dorsal
part. The preparation was transferred to a recording chamber, fixedThese calculations illustrate a common problem in
to the bottom with pins through the roots,and submerged inRinger’snetwork analysis, namely that the interpretation of data
solution with the following composition: 128 mM NaCl, 4.7 mM KCl,on the input to neurons often relies on unknown connec-
25 mM NaHCO3, 1.2 mM KH2PO2, 1.25 mM MgSO4, 2.5 mM CaCl2,
tivity data. Combined with data on presynaptic spike and 30 mM glucose. The solution was oxygenated with 95% O2 and
frequencies and release probabilities, our method for 5% CO2 and kept at room temperature, which gave a pH of 7.4 in
the bath.calculating the synaptic strength could, however, give
information about how many presynaptic cells are in-
Induction of Rhythmic Activityvolved in the rhythmic information transfer without nec-
Locomotor activity was induced by bath application of NMDA inessarily knowing the number of presynaptic cells that
combination with 5-HT in eight experiments. The concentration was
are connected. This would bring new information about typically 7.5 mM for both NMDA and 5-HT. In five experiments,
how these networks operate, even without detailed and rhythm was induced by muscarine (10–20 mM). The locomotor pat-
terns induced by these neuroactive drugs have previously beenperhaps impossible studies of the connectivity.
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described (Sqalli-Houssaini et al., 1993; Cowley and Schmidt, 1994; numerically integrating until the amplitude was 1/100 of the peak
amplitude.Kiehn et al., 1996).
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